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Na+/H+ antiporters are ubiquitous membrane proteins that are involved in homeostasis of H+ and Na+ throughout the biological kingdom.
Corroborating their role in pH homeostasis, many of the Na+/H+ antiporter proteins are regulated directly by pH. The pH regulation of NhaA,
the Escherichia coli Na+/H+ antiporter (EcNhaA), as of other, both eukaryotic and prokaryotic Na+/H+ antiporters, involves a pH sensor and
conformational changes in different parts of the protein that transduce the pH signal into a change in activity. Thus, residues that affect the pH
response, the translocation or both activities cluster in separate domains along the antiporter molecules. Importantly, in the NhaA family,
these domains are conserved. Helix-packing model of EcNhaA based on cross-linking data suggests, that in the three dimensional structure of
NhaA, residues that affect the pH response may be in close proximity, forming a single pH sensitive domain. Therefore, it is suggested that,
despite considerable differences in the primary structure of the antiporters from the bacterial NhaA to the mammalian NHEs, their three-
dimensional architectures are conserved. Test of this possibility awaits the atomic resolution of the 3D structure of the antiporters.
D 2004 Elsevier B.V. All rights reserved.Keywords: Membrane protein; Active transport; Na+/H+ antiporter; NhaA; pH-regulation1. Introduction is focused on this property of the Na+/H+ antiportersSodium proton antiporters are ubiquitous membrane pro-
teins found in the cytoplasmic and organelle membranes of
cells of many different origins, including plants, animals and
microorganisms. They are involved in cell energetics, and
play primary roles in the homeostasis of intracellular pH,
cellular Na+ content and cell volume (reviews in Refs. [1–6]).
Being involved in homeostatic mechanisms suggests
that, in addition to their capacity to exchange the ions across
the membrane, the Na+/H+ antiporters share unique proper-
ties: they must be equipped with sensors to the environ-
mental Na+ and pH and have the capacity to transduce the
environmental signals to a change in activity, so as to
maintain homeostasis.
Indeed, one of the most characteristic properties of
Na+/H+ antiporters is their regulation by pH. This review0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2004.04.018
Abbreviations: EcNhaA or NhaA, NhaA of Escherichia coli; VcNhaA,
NhaA ofVibrio cholerae; TMS, transmembrane segment; MIANS, 2-(4V-ma-
leimidylanilino)-naphtalene-6-sulfonic acid; DM,N-dodecyl-h-D-maltoside
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system.2. The Na+/H+ antiporters in E. coli and Vibrio cholerae
E. coli has two antiporters, NhaA [7] and NhaB [8],
which specifically exchange Na+ or Li+ for H+. ChaA is
another E. coli antiporter which exchanges H+ with Ca+ in
addition to Na+ [9]. Only NhaA is indispensable for adap-
tation to high salinity, for challenging Li+ toxicity, and for
growth at alkaline pH (in the presence of Na+ [1–3]).
The adaptation of E. coli to Na+ involves a very unique
dual pattern of regulation of nhaA transcription. In the
logarithmic phase of growth, nhaA responds to Na+ by
increasing transcription via a novel and very intricate Na+-
specific regulatory system. This regulatory system, recently
reviewed [2], involves the positive regulator NhaR [10–12]
of the LysR family of regulators [13,14], and is induced
specifically by Na+; neither ionic strength nor osmolarity
induces the system. Intracellular rather than extracellular
Na+ is the inductive signal [15].
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identified both by gel retardation and foot printing assays.
NhaR is always bound to the DNA and Na+ changes its
conformation so that its footprint is Na+-specific [12].
Primer extension analysis identified two promoters of
nhaA, P1 and P2 [16] of which only P1 is involved in the
Na+- and NhaR-dependent regulation of nhaA [17]. P1 is
located within the NhaR binding site, and its deletion
eliminates Na+ induction.
In the stationary phase of growth, nhaA becomes part of
the stationary phase regulon [18–20] via the P2 promoter
[17]. When P2 is fused to lacZ reporter it promotes
induction of nhaA in the stationary phase. Primer extension
shows that this induction is dependent on RpoS, in a Na+- or
NhaR-independent fashion.
Many enterobacteria similar to E. coli and V. cholerae
share aquatic salinic ecological niches. In these environ-
ments they often survive rather than grow. Measuring the
survival of E. coli mutants showed that expression of nhaA
from the P2 promoter, via the rpoS regulon, is essential for
the survival of E. coli in salinic environment at alkaline
pH [17].
V. cholerae has three Na+/H+ antiporters genes, Vc-
nhaA, Vc-nhaB and Vc-nhaD [21,22]. The former two are
homologous to the respective E. coli genes; the latter,
which is homologous to nhaD of Vibrio parahaemolyticus,
does not exist in E. coli [21,22]. Singles, double (in all
combinations) and triple mutants were constructed in V.
cholerae [22]. In contrast to E. coli, where inactivation of
the two antiporter genes, nhaA and nhaB, conferred
sensitivity both to Li+ and Na+ [8], the inactivation of
all three putative antiporters in V. cholerae (Vc-nhaABD)
conferred only Li+ sensitivity [22].
Similar to V. alginolyticus, V. cholerae possesses an
electron transport-linked Na+ pump, the NADH-quinone
oxidoreductase complex (NQR [23–25]). The NQR pump
extrudes specifically Na+ but not Li+ [23]. This Na+-
specific activity of the pump explains the higher contri-
bution of the V. cholerae Na + /H+ antiporters to Li+
resistance as compared to Na+ resistance; in the absence
of Na + /H+ antiporters, the NQR pump can compensate
for the Na + /H+ but not the Li + /H+ antiport activity,
resulting in a Li+-sensitive but not a Na+-sensitive phe-
notype. Thus, the contribution of NhaA to the Na+ and
H+ homeostasis of V. cholerae at alkaline conditions
could only be revealed when the Na+ pump activity of
NQR was inhibited [22].
We therefore suggest that, in enteric bacteria, E. coli
and V. cholerae represent two modes of adaptation to
high salinity at alkaline pH. NhaA is a prominent
antiporter in both. However, while in E. coli NhaA
appears to be the dominant factor in this adaptation
[2], in V. cholerae it functions with NQR. Importantly,
the Na+ cycle plays a role (in a mechanism which is
not yet understood), in the virulence of V. cholerae
[24–26].3. The NhaA protein of E. coli
NhaA is an electrogenic antiporter with a stoichiometry
of 2H+/Na+. It has been purified to homogeneity and
reconstituted in a functional form in proteoliposomes [27–
29]. Efficient overexpression and purification of NhaA
opened the way to structural and functional studies of the
protein [29].
The NhaA protein is predicted to have a putative sec-
ondary structure consisting of 12 TMS connected by hy-
drophilic loops (Refs. [30,31] and Fig. 1). Recently, 2D
crystals of NhaA diffracting at 4 A˚ were obtained. Cryo-
electron microscopy of these crystals showed that NhaA
exists as a dimer of monomers composed of 12 helices [32].
In the native membrane NhaA forms oligomers within
which the monomers physically and functionally interact
[33]. The 2D crystals also produced a three-dimensional
map of NhaA [34], the first insight into the architecture of
the helices of the protein. In this map two helix bundles of
six a-helices are seen. A roughly linear arrangement of six
a-helices is next to a compact bundle of the six additional a-
helices. Although helix assignment is still not available, it is
clear that many of NhaA helices are in close proximity and
even interconnect.
Hence, it is very clear that atomic resolution of the 3D
structure of NhaA is required for the understanding of the
mechanism of activity and regulation of the protein. 3D
crystals of NhaA that diffract X rays have been obtained
(Screpanti, E., Venturi, M., Hunte, C., Padan, E., and
Michel, H., unpublished results). This achievement gives
hope to the possibility of resolving the atomic structure of
NhaA in the near future.
3.1. Helix packing of NhaA as determined by site-specific
cross-linking
In addition to the direct methods of structure analysis,
indirect methods have been advanced to get structural
information of membrane proteins (for review see Ref.
[35]). One method that is widely used involves thiol-specific
homo-bifunctional cross-linking reagents. These reagents
cross-link chemically two Cys residues in proteins, given
that the distance between the Cys residues can be spanned
by the cross-linker [36–39]. Since the distances between the
functional groups of the cross-linker are known, positive
cross-linking allows estimating the distance between the
Cys residues [40]. For this approach it is essential to
engineer the protein without its native Cys so as to avoid
background that can be caused by the native cysteines.
Interestingly, many transporters including NhaA [31] are
functional in a Cys-less version. Then Cys replacements are
introduced, site-specifically, by site-directed mutagenesis, to
various positions along the Cys-less protein, and cross-
linking is applied. To avoid artefacts, it is preferable to treat
the intact membrane with the cross linking agents, in situ,
and then to purify the protein and assess the extent of cross-
Fig. 1. Two-dimensional models of EcNhaA, HpNhaA and MjNhaP. The two-dimensional models of EcNhaA (E. coli NhaA), HpNhaA (H. pylori NhaA) and
MjNhaP (M. jannaschii NhaP) are drawn according to Refs. [30,70,71], respectively. The sequences specific to H. pylori are presented with shadowed
background. Triangles, sites of mutations that inactivate the antiporter; squares, sites where mutations shift the pH profile; circles, sites where mutations affec
the Km for Na
+ and Li+.
E. Padan et al. / Biochimica et Biophysica Acta 1658 (2004) 2–134t
Fig. 2. Inter- and intramolecular cross-linking in EcNhaA. Membranes of an
E. coli strain (TA16 [27]) transformed with a plasmid encoding CL-NhaA-
His6 (Cys-less NhaA tagged with a His tag [31]) carrying either a single
Cys replacement V254C (Lanes a–d [33]) or a pair of Cys replacements,
T132C/S342C (Lanes e– i, [53]), each on opposite side of K249, the site
which is cleaved by trypsin at alkaline pH [55]. Following cross-linking in
situ with cross-linking agents (BMH, p-PDM, o-PDM or MTS-2-MTS
[41]), the protein was affinity purified and either run directly on SDS-PAGE
(lanes a–d and Ref. [33]) or after trypsin treatment at alkaline pH (lanes e–
i [53]). The two tryptic fragments are marked HF and LF (heavy and light
fragments, respectively).
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membrane can cross-link both intermolecularly and intra-
molecularly. It is essential, therefore, to first test the
intermolecular cross-linking by introducing a single Cys
replacement per protein in each of the two examined sites
separately. A protein with a single Cys replacement can
undergo only intermolecular cross-linking. As exemplified
by NhaA [41], intermolecular cross-linking of single Cys-
NhaA is assessed by affinity purification of the protein,
followed by SDS-PAGE. Appearance of a band
corresponding to a NhaA dimer signifies intermolecular
cross-linking (Fig. 2, compare lane a with lanes b–d).
To conduct intramolecular cross-linking, it is preferable
to avoid sites that perform intermolecular cross-linking.
With such molecules, two Cys replacements are introduced
per protein molecule, so that cross-linking can occur intra-
molecularly. To assess the extent of intramolecular cross-
linking, various strategies have been employed. Certain
proteins such as the metal–tetracycline/H+ antiporter, when
cross-linked within the molecule, have a mobility in SDS-
PAGE that is markedly different from that of the un-cross-
linked molecule [42]. Presumably, this is due to two very
different configurations before and after cross-linking. In the
case of NhaA [41] and similarly with both the Lac permease
[43] and MelB [44], no perceptible changes in the mobility
on SDS-PAGE can be detected. In the case of the Lac
permease, an engineered protease cleavable site in the
middle of the permease [43] or expression of the functional
permease in two fragments [37] allowed the analysis of thecross-linked fragments. Similar to MelB [44], a native
protease cleavable site exists in NhaA. This site that resides
in NhaA, in loop VIII–IX, becomes exposed to trypsin at
alkaline pH only [41]. It has been successfully employed for
analysis of intramolecular cross-linking of a pair of Cys
replacements introduced into opposite sides of the cleavable
site. For example (Fig. 2 and Ref. [41]), following in situ
exposure to the cross-linking reagents, the NhaA protein is
affinity purified, digested by trypsin at alkaline pH and run
on SDS-PAGE. If no cross-linking occurs, two fragments
are obtained (Fig. 2, compare lane e with lane f). Given
there is cross-linking, one peptide, of molecular weight
identical with intact NhaA, is observed in SDS-PAGE
(Fig. 2, compare lane e with lanes g–i). With this approach
a putative helix-packing model of NhaA has been obtained
[41].4. The pH response of NhaA occurs at the protein level
One of the most interesting characteristics of NhaA is
its dramatic dependence on pH; a phenomenon observed
both with isolated membrane vesicles and with pure
NhaA reconstituted in proteoliposomes [3,27]. Thus, in
proteoliposomes, pure NhaA on its own, exhibits the
entire pH response [1,27,28]; it is shut off below pH
6.5 and changes its Vmax dramatically, by over three
orders of magnitude, upon shift to alkaline pH, reaching
a maximal level at pH 8.5. Hence, NhaA is equipped
with a ‘‘pH sensor’’ and a device that transduces the pH
signal into a change in activity. Several steps are there-
fore expected to be involved in the pH response of the
antiporter, raising the question as to whether the amino
acid residues involved in the various steps are identical,
overlap or different from the ones that are involved in the
translocation of the ions.5. Differentiating between residues involved in the
translocation pathway and the pH regulation
Mutagenesis, site-directed and random, are most impor-
tant tools to identify residues that are involved in the activity
of a protein. To identify residues involved in ion transloca-
tion, site-directed mutagenesis of amino acid residues that
have the chemical capacity to attract, bind or repel cations
was performed. NhaA has four Asp and two Lys in the
helices. These were mutated either to Cys [45] or Asn
[46,47]. Another approach, based on the notion that nature
repeats its successes, is to mutate residues that in other
proteins have been shown to bind Na+. A model of the Na+
binding site of a Na+/ATPase has been developed [48,49]. In
this model, hydrophilic residues such as threonine or aspar-
agine neighbouring aspartates were found to be involved.
Therefore, N64 and T132 of NhaA were mutated to Cys
[45]. Finally, random mutagenesis was applied on plasmidic
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the ions were selected [45,47].
To identify residues involved in the pH response, site-
directed mutagenesis was performed on residues having a
pK in the physiological range. Therefore, all His were
mutated to Arg [50–52]. We also applied random mutagen-
esis of plasmidic nhaA and selected mutants which affect
the pH profile; growth in the presence of Na+ at neutral pH
but not at alkaline pH [52].
To characterize the mutants, it was essential to differ-
entiate between residues affecting the translocation, the pH
response or both. On each mutant, therefore, a kinetic
analysis was performed at various pHs [45]. Mutants that
affect the Km only, when assayed at saturating concen-
trations of the ions, should have a pH profile similar to
that of the wild-type protein. In contrast, mutants that
affect either parameters or only the pH response exhibit a
change in the pH profile, even at saturating concentrations
of the ions.
5.1. Mutations within putative helices
Four types of mutants were identified within helices of
NhaA: (1) D163C, D164C and K300C—mutant proteins
that are fully expressed but are inactive (Fig. 1 and Refs.
[26,33,46]). (2) D65C, D133C, P129L and T132C muta-
tions that affect dramatically the apparent Km of the trans-
porter to both Na+ and Li+ with no effect on the pH profile
(Fig. 1 and Refs. [26,45]). We suggest that the residues
mutated in the latter two groups are involved in the Na+
translocation pathway. Accordingly, although D133C and
D164C are in the middle of a-helices, they are accessible to
the cytoplasm; impermeable SH reagents modify these
residues in inverted membrane vesicles but not in right side
out vesicles [45]. (3) A127V and A127T affects both the pH
profile (alkaline shift) and the translocation pathway (Fig. 1
and Ref. [45]). (4) G338S affects only the pH dependence of
NhaA (Fig. 1 and Ref. [52]).
Mutants such as G338S are pH conditional lethal mutants
[52]; they do not grow at alkaline pH in the presence of Na+,
but grow normally at neutral pH. Suppressor mutations
selected by growth of G338S at alkaline pH in the presence
of Na+ were found clustered in helix IV [52]. These include
A127T, P129L and A127V. It is most interesting that
A127V has also been obtained by selecting directly for
mutants that cannot grow in the presence of Li+ [45]. The
mutations in helix IV that suppress mutants in helix XI
highly suggest that these two helices are in close proximity
and possibly functionally interact [41].
All these mutated residues that affect the translocation or
the pH response are conserved (Fig 1 and Ref. [45]). Very
recent results identified new residues in TMS IV and XI that
are involved in the translocation, pH response or both, as
depicted in Fig 1 [53]. Taken together, these results show
that there are residues that affect the Km without affecting
the pH profile and residues that are involved in the pHregulation but do not affect the translocation. These results
imply that the pH regulation of NhaA involves an allosteric
mechanism.
5.2. Mutants within loops
Many mutants that affect the pH response only have been
found in loops: in the N-terminus, L4C [54]; in loop VII–
VIII, H225R [50]; in loop VIII–IX, V254C and E241C
[55]. Recently, E252C, a new mutation in loop VIII–IX, has
been identified [56]. In contrast to all other mutations in
loops that cause acidic shift in the pH dependence of NhaA,
E252C causes a drastic alkaline shift (Fig. 3A and Ref.
[56]). Furthermore, E252C is the first loop mutation that
causes a drastic increase (ten fold) in the apparent Km of the
antiporter both to Na+ and Li+ [56].6. The pH signal is transduced in the protein by a
pH-induced conformational changes
6.1. Identifying pH-induced conformational changes by the
use of mAbs
Monoclonal antibodies that recognize native epitopes
have been used to identify conformational changes in their
cognate proteins. We have isolated four mAbs against native
conformations of NhaA [57,58]. mAb 1F6 showed unique
properties. It bound NhaA in dodecyl maltoside detergent at
alkaline pH, but not at acidic pH, as shown on gel filtration
by HPLC [54,57]. The epitope of 1F6 mAb on NhaA was
mapped at the N-terminus [54]. Remarkably, the pH-depen-
dent binding of mAb 1F6 reflects the pH-dependent active
conformation of NhaA. Thus, G338S, a mutant that lost pH
regulation, binds mAb 1F6 in a pH-independent fashion
[54].
The N-terminus is involved in the pH response because
mutation L4C described above and in Ref. [54] affects the
pH profile of NhaA.
6.2. Identifying pH-induced conformational changes by
accessibility to trypsin
In many proteins accessibility to trypsin has been used
to look for a change in conformation of a protein in
response to various signals, ligands or conditions. NhaA
has many potential trypsin cleavable sites in its loops [59].
Exposure of isolated inverted membranes vesicles, express-
ing 35S-methionine labeled NhaA to trypsin at various
pHs, showed that NhaA is accessible to cleavage at
alkaline pH but completely resistant at acidic pH [59].
The pH profile of the accessibility to trypsin is similar to
the pH response, suggesting that the pH profile of trypsin
cleavage reflects a conformational change that is required
for activity.
Fig. 3. The mutation E252C of NhaA causes a drastic alkaline shift to the pH response of NhaA and increases its apparent Km to Na
+ and Li+. (A) Everted
membrane vesicles were isolated from EP432 cells expressing either wild-type (WT) or mutant NhaA (CL-E252C [56]) and the Na+/H+ antiporter activity was
determined as described [55]. The assay is based on the use of the fluorescence quenching of acridine orange to monitor DpH across the membrane.
Fluorescence dequenching (%), upon addition of Na+, monitors the antiporter activity and is presented as a function of medium pH. (B) High pressure
membranes were isolated from TA16 cells transformed with plasmids overexpressing either His-tagged wild-type NhaA ((His)6-WT) or His-tagged E252C
((His)6-E252C). The affinity-purified protein (in 0.1% DM) was run on SDS-PAGE with no further treatment (c) or after digestion with trypsin (0.6 Ag/ml) at
the indicated pH. HF, heavy fragment; LF, light fragment. (C) The rates of MIANS labeling (in relative units/sec) of proteins CL-H225C and CL-E252C are
plotted versus the different pH conditions of the reaction [56]. (D) MIANS labeling was conducted on affinity-purified proteins isolated from membranes of
TA16 cells expressing either CL-E252C or CL-NhaA in the presence of the indicated ion concentrations as described in Ref. [56].
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(dodecyl maltoside) showed the same behaviour [55]: cleav-
age at alkaline pH and resistance at acidic pH. Only two
tryptic fragments were obtained, indicating that only one
cleavage site becomes available to trypsin with alkaline pH
(Ref. [55]; Fig. 2, compare lane e to f and Fig. 3B). The
fragments were isolated and their N-terminus sequence was
determined, identifying K249 as the cleavage site (Ref. [55]
and Fig. 1). Also in the native membrane, K249 is the only
trypsin cleavage site [55]. Hence, loop VIII–IX, in which
K249 resides, changes its conformation with pH. Loop VIII–
IX is involved in the pH response, since as we described
above three mutations in this loop, E252C (Fig. 3A and Ref.
[56]), V254C and E241C [55], change the pH profile of
activity and in parallel the pH profile of the digestion by
trypsin. The most dramatic effect (an alkaline shift of one pH
unit) was exerted by E252C mutation (Ref. [56] and Fig. 3B).6.3. Identifying pH-induced conformational changes by the
use of MIANS, a fluorescent probe
As described above, mutation E252C shifts drastically,
by one pH unit (to the alkaline range), the pH dependence of
the conformational change of loop VIII–IX, as probed by
trypsin at position K249 (Fig. 3B and Ref. [56]). Since
probing with trypsin is limited to the trypsin cleavable sites
that exist along the protein molecule, this result can be
interpreted in two ways: (a) Positions K249 and E252 in
loop VIII–IX undergo a similar pH-induced conformational
change. (b) E252C affects indirectly the conformation at
position K249 rather than participating in the conformation-
al change. Thus, it has become crucial for the study of the
pH-induced conformational changes in NhaA to introduce a
probe that monitors conformational changes, in a site-
directed fashion.
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replacement mutations is a very good tool to probe, in a site-
directed manner, pH-induced conformational changes in
loops of NhaA [56]. MIANS, a sulfhydryl reagent that
reacts relative specifically and covalently with thiol groups,
is fluorescent only when the maleimide group reacts
[60,61]. It has previously been used to probe accessibility
and conformational changes in various membrane proteins
(see for examples Refs. [61–65]). In Fig. 3C, the labeling
rate by MIANS of Cys-replacement E252C is compared
with that of a Cys-replacement mutation H225C. The latter
mutation, as many other loop mutations, served as controls
because they do not affect the pH profile of NhaA (41). The
pH profile of the reactivity of the two proteins E252C and
H225C with MIANS was found very different: the pH
dependence of reactivity to MIANS of E252C was shifted
to the alkaline range, by one pH unit, as compared to that of
the control. Most importantly, up to pH 9, Cys-less NhaA
did not react with MIANS. Hence, the reaction with MIANS
is specific to the Cys-replacement mutations.
Although we cannot exclude the possibility of a change
in pK or a difference in the stereospecificity of the reaction
with MIANS at position E252C, we suggest that E252C
changes its conformation with increasing pH and moves
from a MIANS occluded to a MIANS accessible site.
Hence, the test of accessibility to MIANS as a function of
pH has revealed that position E252C, similar to position
K249, takes part in the pH-dependent conformational
change in loop VIII–IX of NhaA [56].7. Binding of the ligands of the antiporter and the
pH-induced conformational change of the antiporter
are linked
Most interestingly, addition of Na+ (or Li+) increases
significantly the rate of accessibility to MIANS at position
E252C (Fig. 3D and Ref. [56]). Four lines of evidence lead
us to suggest that it is the binding of Na+, the specific
ligand, which affects the conformational change at position
E252C [56]: (a) The effect is specific to Na+ and Li+, the
specific substrates of NhaA, and is not a general effect of
ionic strength because K+ has no effect. (b) The concentra-
tion of the ion that gives half-maximum increase in the rate
of MIANS labeling is within the range of the respective Km
value of the antiporter activity of E252C mutant (Fig. 3D).
(c) The effect of Na+ is observed at the pH range (pH 8.5–9)
in which E252C is active; hardly any effect of the ion was
discerned at pH 8. (d) Accessibility to MIANS of Cys
replacements in other loops (that do not affect either the
Km or the pH response of NhaA) is not sensitive to the
presence of Na+. Our results show that E252C affects both
the Km and the pH-dependent conformational change of
NhaA and, in turn, binding of Na+ changes the rate of the
pH-induced conformational change at position 252. Hence,
the study of E252C has provided the first direct evidencethat binding of the ligands of the antiporter and the pH-
induced conformational change of the antiporter are linked
and involve loop VIII–IX [56].8. 3D view of the pH-induced conformational changes
of NhaA
8.1. The pH-sensitive domains are in close proximity
As shown above, two loops (the N-terminus and loop
VIII–IX) of NhaA undergo a dramatic pH-induced confor-
mational change [54,55]. Since both loop VIII–IX and the
N-terminus are cytoplasmic, the question of a pH-dependent
interaction between loop VIII–IX and the N-terminus has
been raised. It is remarkable that in the putative helix
packing of NhaA, the domains that change conformation
with pH, the N-terminus and loop VIII–IX are in very close
proximity [41].
8.2. Involvement of the interface between NhaA monomers
in the pH response
Loop VIII–IX that changes its conformation with pH
[55] and contains residues that are involved in the pH
response (Ref. [55] and see above) is located in the interface
between NhaA monomers [33]. Most interestingly, cross-
linking between these loops of the NhaA dimer, with a rigid
and short cross-linking agent, caused a dramatic change in
the pH response, as opposed to no effect of a long and
flexible reagent [33]. It is concluded that there is a func-
tional interaction between NhaA monomers pertaining to the
pH response.
A most powerful approach to test functional interaction
between monomers is the genetic approach. In this ap-
proach two lethal mutants are co-expressed. If functional
complementation is obtained the polypeptides must interact
in vivo. Functional complementation was indeed found
between pH-conditional lethal mutants H225R and G338S
[33].9. The pH response of prokaryotic Na+/H+ antiporters
With the progress of the genome project, the DNA
sequences of many bacterial genomes have become amena-
ble to homology searches that identified many putative
antiporter genes. Many of these have already been classified
in families [3].
Most importantly, several of these genes have been
cloned and proven to encode a Na+/H+ antiporter by their
functional expression in E. coli mutants that are devoid of
their native antiporter genes. The most widely used mutants
for expression of heterologous antiporter genes are EP432
(insertion inactivation of both nhaA and nhaB [8,66]),
FRAG144 (insertion inactivation of both nhaA and nhaB
Fig. 4. The pH dependence of Na+/H+ antiporters of various bacteria. The
Na+/H+ antiporter genes encoding EcNhaA, HpNhaA, MjNhaP, VcNhaA
and VcNhaD were expressed in E. coli mutants lacking active chromosomal
antiporter genes, everted membrane vesicles were isolated and the Na+/H+
antiporter activity was determined as described (Refs. [55,70,71,73],
respectively, and see Fig. 3A). The antiporter activity is presented as a
function of medium pH.
E. Padan et al. / Biochimica et Biophysica Acta 1658 (2004) 2–13 9constructed by W. Epstein) or KNabc (insertion inactivation
of nhaA, nhaB and nhaC [67]). These mutants do not grow
in LB medium in the presence of high Na+ (0.6 M, pH 7.5)
or Li+ (0.2 M, pH 7), unless transformed with a gene
encoding a functional Na+/H+ antiporter. Therefore, the
growth phenotype on selective media of the mutants carry-
ing the heterologous genes is a convenient assay to assess
the activity of the putative antiporter genes. Furthermore,
everted membrane vesicles isolated from cells expressing
the heterologous genes provide an easy system to study the
properties of their encoded antiporter: specificity to ions,
kinetic parameters and regulation by pH. The technique
most commonly used is based on a fluorescence assay of
antiport activity [68,69], using acridine orange to measure
generation of DpH maintained across the membrane by
respiration or H+/ATPase. When protons are pumped in to
the everted membrane vesicles, acridine orange fluorescence
is quenched. The Na+/H+ antiporter activity is assessed from
the dequenching, caused by the addition of either Na+ or
Li+.
Fig. 4 shows the pH dependence of the Na+/H+ antiport
activity of several Na+/H+ antiporters expressed heterolo-
gously in E. coli mutants lacking antiporters, as compared to
homologously expressed EcNhaA encoded from a plasmid.
VcNhaA [22] has a pH dependence which is very similar to
EcNhaA; both antiporters are shut off up to pH 6.5 and are
progressively activated at alkaline pH reaching maximal
activity at pH 8.5 which is maintained up to pH 9 (Fig. 4).
MjNhaP is an antiporter of Methanococcus jannaschii, a
hyperthermophilic archaeon (Fig. 1 and Ref. [70]). HpNhaA
is an antiporter of Helicobacter pylori (Fig. 1 and Ref. [71]).
Whereas the former shows very small homology with NhaA
[72], the latter is highly homologous to NhaA [71]. Yet both
exhibit a markedly different pH profile as compared toNhaA; MjNhaP is shut off at alkaline pH down to pH 8 and
is progressively activated upon acidification reaching the
maximum at pH 6 (Ref. [72] and Fig. 4). HpNhaA is not
controlled by pH; it is active maximally throughout the pH
range between 6.5 to 8.5 (Ref. [71] and Fig. 4).
NhaD is an antiporter of pathogenic V. cholerae and V.
parahaemolyticus but not of free-living Vibrio species [73].
Therefore, a possible link between NhaD and virulence in
Vibrio species has been implied [73]. Interestingly, the pH
profile of VcNhaD is similar to that of EcNhaA and
VcNhaA up to pH 7.5, where it is activated progressively
by pH. However, above pH 8 its activity declines with
increasing pH (Ref. [73] and Fig. 4).
It should be emphasized that heterologous expression can
cause a pH profile that is different from that existing in the
native membrane. Therefore, homologous expression is
required to assess the native pH response of these antiport-
ers. Another approach would be to purify the proteins and
study their properties in reconstituted system with the
respective native phospholipids. It should also be noted that
although expressed, in certain cases, the putative antiporter
protein is not functional in the E. coli mutants. We have
cloned three putative antiporter genes from Halobacterium
salinarum and none were functionally expressed either in
EP432 or KNabc (Muller, M. and Padan, E., unpublished
results). Nevertheless, in cases where functional comple-
mentation is obtained in E. coli, the information gained is
valuable, since it allows the identification of amino acid
residues that are involved in the pH response of the anti-
porters in the E. coli host, as compared to EcNhaA that is
expressed in its native membrane.
9.1. HpNhaA
The amino acid sequences of HpNhaA and EcNhaA
exhibit 49% identity and 82% similarity and show very
similar hydropathic profiles with 12 TMS (Fig. 1 and Refs.
[3,74]). However, two stretches of amino acid sequences are
specific to HpNhaA: (a) a stretch of 38 amino acids inserted
in loop VIII–IX downstream to K248 that aligned with K241
of the EcNhaA sequence (Fig. 1 and Ref. [74]); (b) a stretch
of 10 amino acids at the amino terminus of HpNhaA (Fig. 1
and Ref. [74]). The amino acid residues H225 [50,51], G338
[52] and L73 [47] that have been shown to be involved in the
pH response of EcNhaA are conserved in HpNhaA (H233,
G385 and L82, respectively). It was therefore suggested that
the non-conserved extra amino acid sequences of HpNhaA
are responsible for the different pH profiles of HpNhaA and
EcNhaA [74]. However, deletion of the HpNhaA-specific
sequences from HpNhaA or insertion of these sequences into
EcNhaA did not change the native pH profiles of the Na+/H+
antiporter activity of the two antiporters [74].
It should be emphasized that the insertion done in EcNhaA
left intact the native amino acid sequence of EcNhaA [74].
Hence, the amino acid residues in loop VIII–IX which were
shown to be involved in the pH response of EcNhaA, i.e.
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[33,55,56]), were left intact in the Ec-chimera. Furthermore,
similar results were obtained when the entire loop VIII–IX of
EcNhaAwas replaced by that of HpNhaA. Since loop VIII–
IX of HpNhaA contains the conserved region with both E241
as well as E252, again it is not surprising that the pH control
of this Ec-chimera was not impaired. However, since the
reciprocal Hp-chimera, loop VIII–IX of HpNhaA replaced
by that of EcNhaA, did not confer pH control upon HpNhaA,
it is concluded that these glutamates (in EcNhaA: E241 and
E252) exert their effects within the context of the native
structure of EcNhaA only.
Chimeras of TMS between EcNhaA and HpNhaA (8 or 6
TMS from one fused to 6 or 8 TMS of the other, respec-
tively) gave antiporters with pH profile that differed from
that of each respective wild-type strains [74]. These results
imply that in each antiporter, residues that are important for
the pH response are spread along the protein and function
properly by interaction with other residues in the native
structure of the protein only.
Extensive random mutagenesis of HpNhaA yielded 36
well-expressed mutants that were classified in three groups
according to their Na+/H+ antiporter activity phenotypes in
isolated membrane vesicles of E. coli (Ref. [75] and Fig 1):
(1) Very low or null activity at all pH values. The respective
native residues that cluster in TMS IV, V, X and XI are
suggested to be involved in the process of ion translocation.
(2) Very low activity at acidic pH but significant activity at
alkaline pH. The respective native residues that cluster in
TMS IV and X are suggested to be required to support the
antiport activity at acidic pH. (3) Very low activity at
alkaline pH but significant activity at acidic pH. The
respective native residues that cluster in loop 7 and TMS
VIII are suggested to be required for the antiporter activity
at alkaline pH [75].
It is remarkable that there is a significant similarity
between EcNhaA and HpNhaA in the structure/function
relationship relevant to the pH response of the two
antiporters: (1) Residues that participate either in the
pH control and or translocation were found in similar
domains (Fig. 1 and Refs. [45,56]). (2) Both in EcNhaA
and HpNhaA, residues that affect the pH response can be
separated from, or overlap with, those participating in the
translocation. Both H233R of HpNhaA [75], and its
equivalent conserved residue H225R of EcNhaA [50]
affects the pH response with no effect on the apparent
Km. Similar behaviour is observed with M138K and
F144L of HpNhaA [75] or G338C of EcNhaA [52].
Residues that affect both the Km and the pH response
are in EcNhaA, A127C and G125C [45,53] and in
HpNhaA, K347Q and K347S [75]. (3) Suppressor muta-
tion in HpNhaA show that TMS X (K347) is in close
proximity with loops 2 (T158) and 4 (E87) [75]. Sup-
pressor mutations in EcNhaA combined with cross-link-
ing data show that, indeed, TMS X, XI, VI and V are in
close proximity [41,45,53].9.2. MjNhaP
The amino acid sequence of MjNhaP shows a significant
homology with Enterococcus hirae and Clostridium aceto-
butilicum (27–31% identity) and higher homology with
Nhe1, the human antiporter and SOS1 of Arabidopsis
thaliana (18–21% identity [70]) than with NhaA or NhaB
(10–16% identity).
It is important to note that although MjNhaP is active in E.
coli membranes, it does not complement the antiporter
lacking E. coli mutants [70]. It has been suggested that
functional complementation cannot be used to clone anti-
porters which are active below the cytoplasmic pH of E. coli
[70].
Site-directed mutagenesis shows that none of the His
residues of MjNhaP are essential for activity or pH regula-
tion [72]. On the other hand, positive charge at position R320
is conserved in the NhaP family, Nhe1 (R425) and NhaA
(K300). Mutation R320A (but not R320H) inactivated the
antiporter MjNhaP. D132A and D161A did not show activity
at any pH, a result in line with the conservation of these
residues in many antiporters (Ref. [72] and Fig. 1). D93A
showed very low activity and is less conserved [72].
9.3. VcNhaD
Site-directed mutagenesis of residues that are conserved
among the NhaD family revealed two distinct groups [73]:
(1) Four variants E100A, E251A, E342A and D393A did
not abolish antiporter activity but shifted the pH dependence
to more alkaline pH. Unfortunately, the pH profiles of these
mutants were not determined in saturation Na+ concentra-
tions, a procedure that is needed to ascertain an effect on the
pH dependence only (see Section 5). (2) Variants D344A,
D344N and T345A inactivated the antiporter but D344E
only reduced its activity.10. The pH response of eukaryotic Na+/H+ antiporter
The NHE family of Na+/H+ antiporters are widely spread
in eukaryotes (for a recent review, see Ref. [4]). At least
eight different NHEs antiporters have been identified in the
human genome. They are composed of 12 TMS with a long
hydrophilic cytoplasmic loop at the C terminus. NHE is an
electroneutral Na+/H+ antiporter. In cells it is activated
progressively with acidification and inactivated at an intra-
cellular pH above pH 7.2. This pH response is attributed to
the existence of an allosteric pH regulatory site facing the
cytoplasm, called the pH sensor (H+ modifier), that deter-
mines the set point of activity of the antiporter [76,77].
Recently, this behaviour has been proven to exist in NHE
isoforms, NHE1 NHE2 and NHE3 [78]. Kinetic dissection
of the pH dependence of the antiporter suggests that
multiple protons interact with the regulatory site(s), while
a single H+ interacts with the active site [78].
E. Padan et al. / Biochimica et Biophysica Acta 1658 (2004) 2–13 11Extrinsic factors control the activity of these antiporters
including hormones, growth factors, mechanical stimuli and
pharmacological agents [6,79,80]. Apparently, many of
these stimuli modulate the activity of the antiporter by
changing the pH set point of the pH sensor. Mutants
affecting the pH dependence of NHE1 have been isolated.
Mutation of R440 shifts pHi dependence toward acidic side,
whereas that of G455 shifts it toward alkaline side without
changing the apparent affinities for the extracellular sub-
strates Na+ and H+ and the inhibitor EIPA [81]. Thus,
intracellular loop 5 and the juxta membrane subdomain of
NHE1 have been implicated in the pH response [81]. Many
His residues of NHE1 have been mutagenized (35, 120, 76,
81, 250, 285, 325,349, 373, 376, 407, 408 and 473) with
insignificant effect on the pH response [5,78]. However, a
recent study shows that mutagenesis of H479 and H499 of
the cytoplasmic domain in NHE3 of rabbit shifts the pH
profile to the acidic side [82].
Interestingly, a conformational change has been implicat-
ed to be involved in the pH response of NHE3 [83,84]. In
summary, there are many properties of the vertebrate Na+/H+
antiporter that are similar to the prokaryotic one (as exem-
plified by EcNhaA): (1) A pH regulatory site that is different
from the active site. (2) A loop (or loops) participates in the
pH response. (3) His residue (s) may be involved. (4) A
conformational change is part of the pH response. (5) NHEs
may exist as higher-order tetramer complexes.
Yeast contains many antiporters that are more homol-
ogous to those of higher eukaryotes. Their pH response is
similar and H367 have been implicated in the pH
response of Sod2 [5,85]. In addition, D241, D266 and
D267 were found important for the activity of this
antiporter [85].11. Summary
Throughout the biological kingdom, many of the Na+/H+
antiporters are regulated by pH. This characteristic property
corroborates the role of this proteins in pH homeostasis. The
pH regulation of NhaA, as of other, both eukaryotic and
prokaryotic Na+/H+ antiporters, involves pH sensors and
conformational changes in different parts of the protein that
transduce the pH signal into a change in activity. According-
ly, many amino acids, in various domains of the protein,
participate in this regulation. Hence, to understand the
mechanism underlying the pH regulation of the antiporters,
it is essential to identify the amino acid residues and domains
involved, and to elucidate the pH-induced conformational
changes.
It is already clear that the residues that affect the pH
response of NhaA, as of other antiporters, do not necessarily
overlap with those that determine the apparent Km for ions of
the translocation process. It is also already clear that there are
various sites along the antiporter molecules, were either
residues that affect the pH response or those that affect thetranslocation cluster, while there are sites where overlapping
exists. Importantly, in the NhaA family, residues both in
TMS and loops on both sides of the membrane that are
involved either in the activity or regulation or both cluster in
similar domains. Helix-packing model of EcNhaA, based on
cross-linking data, suggests that in the three-dimensional
structure of NhaA, residues that affect the pH response may
be in close proximity, forming a single pH-sensitive domain.
Therefore, we suggest that despite considerable differences
in the primary structure of the antiporters from the bacterial
NhaA to the mammalian NHEs, it is highly possible that
their three-dimensional architectures are conserved. Test of
this possibility awaits the atomic resolution of the 3D
structure of the antiporters.Acknowledgements
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